We present the design, simulation, and measurement of a polarization-independent and angle-insensitive metamaterial absorber (MA) in X-band. Since the unit cell of the MA consists of four subwavelength split-ring resonators with 4-fold symmetric rotation, the MA is insensitive to the variation of both polarization and incident angle of the planar electromagnetic wave. The electromagnetic performances of the MA are studied by full-wave simulations based on finite-element method and the Naval Research Laboratory arch experimental measurements. The electric field distributions are numerically investigated, which confirm the polarization-insensitive property of the MA, as expected from the symmetric nature of the structure. When the incident angles vary from 0 to 45 degrees, the MA remains at full width at half maximum of 0.4 GHz (0.5 GHz) with peak absorptions of 99.9% (95.2%) at 10.27 GHz (10.3 GHz) by simulations (measurements).
Introduction
Metamaterials can provide exotic and very useful electric and magnetic properties which are not readily found in nature [1, 2] . Over the past decade, a large number of metamaterials have been demonstrated at the desired regimes of electromagnetic spectrum from microwave, terahertz (THz), infrared to visible frequencies [3] [4] [5] [6] . As metamaterials research continues to mature, they have inspired a vast amount of electromagnetic devices such as invisibility cloaks [7, 8] , perfect lens [9] , and novel types of circuits and antennas [10] [11] [12] [13] [14] . One of the most promising applications of metamaterials is the absorption of electromagnetic waves, known as metamaterial absorbers (MAs) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . MAs offer three distinct advantages-nearly perfect absorption, deeply subwavelength thickness, and tunability-compared to conventional radar absorbing materials. Potential applications of MAs include the bolometer, perfectly matched layer, and radar cross section (RCS) reduction. MA with ultrathin structure and near-unity absorption was first introduced by Landy et al. in 2008 [15] . Since then, great efforts have been concentrated on MAs to achieve broadband, multiband, polarization-independent, or angle-insensitive absorptions from microwave, THz, to optical frequencies [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . During the last few years, although some of the studies show good absorptions, experimental realization of MAs with both polarization-independent and angle-insensitive properties are still in the initial stage. In future research more unit cell structures will provide greater flexibility in MA design and practical applications.
In this study, an X-band polarization-independent and angle-insensitive MA based on 90-degree-rotated split-ring resonators (SRRs) is designed and proposed. The MA is designed and optimized by full-wave simulations using finiteelement method (FEM) based commercial software ANSYS HFSS and verified by the Naval Research Laboratory (NRL) arch experimental measurements. We will show that the proposed MA yields not only a compact structure that can be readily fabricated through standard printed circuit board (PCB) technology, but also good polarization-independent and angle-insensitive absorption characteristics from both simulation and experiment results.
MA Design
For our MA design, we chose unit cell with 4-fold rotational symmetric configuration, which leads to polarizationindependent property. Meanwhile, the MA constructed with subwavelength unit cells can offer angle-insensitivity property. Figure 1(a) shows the geometry of the unit cell of the MA, and the fabricated prototype of the proposed MA is illustrated in Figure 1 The absorption of the MA can be determined by the expression [30] 
where reflection = | 11 | 2 and transmission
are obtained from simulated and measured -parameters. From this equation, reflection and transmission should be minimized to achieve maximum absorption . The transmission of the proposed MA is equal to zero, 21 = 0, due to the presence of the metallic ground plane in our design. Therefore, the absorption of the MA can be maximized by minimization of the reflection .
To better understand the mechanism of the perfect absorption of the MA, the effective impedance of the MA can be obtained from effective medium theory [31] [32] [33] :
Combination of (1) and (2) results in the general expression of the absorption:
In case of perfect absorption, = 1, the real part of the effective impedance should match the free-space value, Re( ) = 1, and the imaginary part is supposed to be vanished, Im( ) = 0, according to (3).
Simulations and Measurements
The MA with three layers is modelled with full-wave FEM solver ANSYS HFSS. The top layer is made of 90-degreerotated SRRs in a periodic pattern. The middle layer is dielectric substrate FR4. The bottom layer is a solid metallic ground plane. The simulation is based on a MA unit cell along with Floquet ports and Master/Slave periodic boundary condition (PBC). The usage of PBC can mimic an infinite extended periodic structure.
The simulated 11 of the MA is shown in Figure 2 . A minimal reflection of near zero is observed at 10.27 GHz. By using (1) and (2), the absorption and effective impedance can be easily calculated. The effective impedance is calculated and shown in Figure 3 . The inset in Figure 3 shows the zoomed view of the effective impedance. It can be observed that the real part of the effective impedance of the MA is near unity (matched to the air), Re( ) ≅ 1, and imaginary part of the MA is near zero, Im( ) ≅ 0 at 10.27 GHz, corresponding to the perfect absorption. Figure 4 shows the absorption as a function of polarization angle with step of 10 ∘ at 10.27 GHz. The absorption amplitude for different polarization angles varies by less than 1‰. The detailed discussion on angleinsensitive property of the proposed MA is presented in the fifth paragraph of this section. Figure 5 shows the simulated electric field distribution at 10.27 GHz for normal incident TE and TM waves, as well as the 45 ∘ condition. It is seen that the MA performs almost the same electric field distributions, except a 90-degree rotation, for normal incident TE and TM waves, as shown in Figures  5(a) and 5(b) . This indicates that the symmetrical structure of the MA with the unit cell of 4-fold rotational SRRs possesses a polarization-independent performance, in accordance with our predication. In Figure 5 (c), the electric field distribution for 45 ∘ incident electromagnetic waves is shown at 10.27 GHz. In this condition, we discovered that all of the incident electromagnetic waves are absorbed by the four 90-degreerotated SRRs. To verify the numerical results, we fabricate the MA by using PCB technique, as shown in Figure 1(b) . The absorption characteristics of the fabricated MA at different incident angles are measured with the NRL arch, as shown in Figure 6 . NRL arch is a reliable standard for characterizing the reflection and absorption of materials [34] . In our measurements, a vector network analyzer (Agilent N5244A) is used to measure the reflection of the proposed MA. Figure 7 shows the simulated and measured absorption at incident angles from 0 to 45 degrees in X-band. It can be seen that when the incident angle of the electromagnetic wave is altered from 0 to 45 degrees, the absorption does not change significantly, which proves that our proposed MA possesses angle-insensitive property. It is known that a periodic structure with subwavelength dimensions of unit cell is equivalent to a homogenous and isotropic medium. The effective impedance of a homogenous and isotropic medium is stable for wide angles of incident electromagnetic waves. Therefore, the strong subwavelength dimensions of the lattice constant of unit cell ( = 5 mm) and dielectric thickness (0.8 mm) of the MA make it absorb wide angles of incident electromagnetic waves. The measured results are in good agreement with numerical simulations. The small discrepancy of the peak absorption with the change of incident angle might be due to nonidealities of fabrication, such as the surface roughness of the metal pattern and nonuniformity of the dielectric substrate.
Furthermore, the full width at half maximum (FWHM) and fractional bandwidth (FBW) are very important parameters to describe the performance of the MA. Fractional bandwidth (FBW) was calculated as of 95.2% at 10.3 GHz, as shown in Figure 7 . It is worth noting that the difference between the simulations and measurements can be attributed to the fabrication tolerance and measurement calibration. The measured FBW of the MA is about 5% (FWHM ≅ 0.5 GHz, ≅ 10.3 GHz), which is good enough for many practical applications. For example, both the microstrip patch antenna and the waveguide slot antenna generally need less than 3% FBW for efficient operations [35, 36] . Hence, this MA is a promising candidate for radar cross section reduction of antennas and antenna arrays.
Conclusions
The theoretical analysis, full-wave FEM simulation, fabrication, and measurement of an X-band polarizationindependent and angle-insensitive MA are demonstrated. The MA employs 90-degree-rotated SRRs as a unit cell, which shows the absorption FBW of 5% with incident angles ranging from 0 to 45 degrees by experiment. The measured results are in good agreement with the theoretical analysis International Journal of Antennas and Propagation 5 and the full-wave FEM simulated ones, which provide effectively design guidelines for MAs. The proposed MA exhibits simple planar structure, easy fabrication using PCB technology, polarization-independence, angle-insensitiveness, and sufficient effective band. These remarkable features allow the MA to be a promising candidate for future applications, such as bolometer, perfectly matched layer, and scattering reductions.
